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AN EMPIRICAL METHOD FOR DESIGNING DISCHARGE AND SUCTION PIPES
OF SMALL RECIPROCATING AIR COMPRESSORS

Professor L. Boswirth, HTL-Modling
Modling, Austria

INTRODUCTION
Design procedure s for plplng systems of large
compresso rs usually take detailed account of the
pulsating flow in order to achieve reliabili ty and
good efficiency . The mathemati cal models for
handling the pulsating flow are well establishe d
(see, for instance, Ref. 1) but require extensive
computer programs for numerical solution.
The designer of small compresso r systems, therefore ,
usually has to do without detailed mathemati cal
analysis; and this often results in piping and
valve failures and in low operating efficiency .
A simple empirical design method for avoiding such
problems is outlined in this paper. This method is
based on the author's own extensive measureme nts of
pressure pulsation s in compresso r pipes (Ref. 2)
and on various published data.
DESIGN OF THE DISCHARGE PIPE
The first objective is to assure that the length of
the pipe is such that there is no gas column resonance at the normal operating speed. Such resonances would lead to excessive pressure pulsation s
which cause efficiency losses and can cause valve
failures and excessive pipe vibration .

In contrast to large compresso r systems, the
discharge pipes of small compresso rs are usually
so short that their lowest natural frequenci es are
well above the operating speed. For the simple
system shown in Figure l(a), the lowest natural
frequency of the gas column between the compresso r
and the receiver can be estimated from Eq. (l);
n

where n

15 a
e

(1)

L

a

is the lowest (quarter wave length)
natural frequency , in cycles per minute.
is the speed of sound, in m/s.

L

is the pipe length, in m.

e

The lowest natural frequency depends only on the
length of the pipe and on the speed of
sound which, in turn, depends only on the temperature of the gas but is independe nt of the pressure.
For a discharge gas temperatu re of l50°C, which is
typical for air compresso rs, the speed of sound is
412 m/s so that Eq. (l) reduces to n = 6180/L.
This relationsh ip is shown
e graphical ly
in Figure l(b). This figure and Eq. (1) should be
very useful for avoiding resonance s in simple
piping systems. For more complicat ed, branched
piping systems, see Ref. 2 and Ref. 3.
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Fig.
The actual operating speed of the compressor, n,
should not be within + 15% of n . Since gas
resonances in the discharge lin€ can also be
excited by the second harmonic component (and to
a lesser extent higher harmonics) of the pulsating
gas flow of the compressor, speeds for which
n/n ~ l/2 or l/3 etc. should also be avoided.

1st Step:

·e

Specify the maximum acceptable
peak-to-peak pulsation amplitude 2t.pmax
in the pipe as a fraction of the
absolute pressure pB in the discharge
receiver:
y

Figure 2(a) shows the peak-to-peak pressure pulsation amplitude in a discharge pipe of a small
single stage V-type air compressor as a function
of speed. In the cross-hatched speed range,
pulsations are excessive due to resonance. In
this particular case, the piping design was poor
both with respect to length and with respect to
diameter. The resonance occurs at n/n = l/2 and
is discussed in more detail in Ref. 2.e The curve
in Figure 2(a) shows that, outside the resonant
speed range, the pulsation amplitude is roughly
proportional to speed. Figure 2(b) shows a
typical non-resonant pressure wave form which
results from the presence of many harmonic
componeJ;J,ts.

2nd Step:

~

2t.pmax
------· (usually, y
PB

,

0.1 to 0.2)

Calculate the mean piston speed c in
m/s:
m
c

.:!.....£
m

30

where s is the stroke in m.
n is the compressor speed in
revolutions per minute.
3rd Step:

Calculate the required pipe cross
sectional area~ in m2 :
c

1r ~

m

2 y a

The second objective in discharge piping design is
to keep the peak-to-peak amplitude of the pressure
pulsations, 2~p
, within reasonable limits.
Experience showJllaxthat 2t.p
should preferably
not exceed 10% of the
maxabsolute pressure,
pB' in the discharge receiver and certainly not
exceed 20% of pB for both reliability and efficiency reasons.

where

This part of the proposed design procedure is based
on the empirically established fact (see Ref. 2 and
3) that pressure amplitudes, for given mean pressure conditions, are roughly proportional to
compressor displacement and inversely proportional
to piping cross sectional area. The proposed
off-resonance design procedure thus consists of
the follovring three steps:

(2)

~

is the cylinder cross-section
in m2

k

is the isentropic coefficient
(k = 1.4 for air)

C'

is an empirical factor,
depending on compressor
stage pressure ratio
IT ~ p /p , see Figure 3
2 1
is a factor vrhich takes into
consideration the number z
of cylinders working into the
discharge pipe. From
experiments, f ~ R

f

369

k C' f

.

---

-~

so

-------,-I -

YYi/5

z
1

to
01--------T-------------~
1
~
5
7

0

n::. pzjp ..,-

~------~--------~-------4

1

.3

5

n= P jP1
2

Fiq.4
Eq_. (2) can be transfo rmed so that one can calcul
ate
immed iately the permi ssible veloc ity factor , cR,zul
in m/s for values of a~ 412 m/s, k = 1.4,
and f = 1 (i.e. z = 1) one gets:

lli..:.L
C'

(3)

Design of 1st Stage Discha rge Pipe:
• Check resona nce freque ncy (fig. 1):
ne = 12000 cpm; no danger of resona nce.
• Specif y maximum pressu re pulsat ion amplit ude:
y = O.l (a low value !); i.e., we allow
2llpmax = 0.1 x 3 = 0.3 bar

cR,zul is the mean piston speed multip lied by the
ratio of the area of the piston to the
requir ed area of the pipe. Figure 4 shows cR,zul
for 2llp
= lO% and 20% of the discha rge
receive~~ressure pB (i.e. for y = 0.1 and 0.2).

• Calcu late mean piston speed
em= s n/30 = 0.08 x 1500/3 0

Empir ical values of C' for use in Eq. (2) and (3)
are given in Figure 3. These values are applic able
to piping system s which are not in resona nce. If
there is a gas resona nce in the pipe, the pressu re
pulsat ion amplit ude can be estima ted from Eq. (2)
by substi tuting C'' for C' and solvin g the equati on
for y. An empir ical curve for C" is also given in
Figure 3. It should be empha sized, howev er, that
resona nces are very undes irable and should be
avoide d by proper select ion of the pipe length
as descri bed above.
Two numer ical examp les will illust rate the use of
the entire proced ure.

=4 m/s

• From Figure 3, C' = 1.25 for p /pl
2

- l.§..'L.L- 187

cR,zul -

C'

-

X

1.25

=IT

= 3

0.1 - 15 I
ms

• Calcu late requir ed pipe area:
~ = ~ cm/cR ,zul = 0.0053 m2

• Requir ed pipe diame ter:

DI,R

= 53

cm2

82.6 mm

Design of 2nd Stage Discha rge Pipe:
• Check resona nce freque ncy (fig. 1):
ne = 5000 cpm; no danger of resona nce.

Example l
Design of the discha rge pipes of a two-st age air
compr essor with the follow ing data:
speed:
n = 1500 rpm
stroke :
s = So mm
bore:
1st stage, D = 160 mm,
1
2nd stage, DII
= 100 mm
discha rge pressu re: 1st stage, 3 bar absolu te
2nd stage, 9 bar absolu te
length of pipes:
1st stage to heat
exchan ger, 0.5 m
2nd stage to vesse l, 1.3 m

• y = 0.1, 2llpmax = 0.1 x 9 = 0.9 bar
• A simila r calcul ation as for the 1st stage
gives Drr,R = 51 mm dia
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conditions, is approximately 350 m/s.
and (3) reduce (for f = 1) to:

Example 2
Check the piping design for an existing small air
compressor:

speed:
stroke:
pipe length:
pipe dial'leter:

n "" 3000 rpm
50mm, bore: 50mm
s
l.lm
L
n = 15 l1ll'l

"" 6000/min (fig. 1)
• n e because
n = 1/2 n

• cm

,.

m

• from Eq.
y = CR

= 91

( 5)

y

e

~~~

50 m/s

(3), assuming that pipe is shortened
C'/187 =50

X

0-75/187 = 0.2

max

shortened to avoid resonance. If pipe is not
shortened, resonance will result in even higher
pulsation amplitudes which can be estimated by
using C" instead of C' in Eq. (3):
C"/187

L

For two-stage compressors, the effective length of
the suction pipe of the second stage for use in
Eq. (6) is usually the length from the inter-cooler
to the suction valve. This is based on the
assumption that the inter-cooler has a large enough
volume to decouple the discharge pipe of the first
stage from the suction pipe of the second stage.
If this is not the case, the two pipes are acoustically coupled and a more sophisticated analysis is
required to determine the lowest natural frequency.

This means that pulsations will be very high
= 0.2 x 7 = 1.4 bar) even if pipe is
(2~p

It is generally desirable to provide a suction
cavity of substantial volume in the cylinder head
in order to minimize pressure pulsations. If this
is done, the pipe length for use in Eq. (6)
should be the "effective" pipe length which can
be estimated by adding a length correction to the
actual pipe length. This length correction is
that length of pipe which contains a gas volume
equal to the volume of the suction cavities in the
cylinder head.

0.65

0.65 x 7 = 4.5 bar !
Pressure pulsations of this magnitude are likely
to be destructive.
Conclusion:

R,zul

(4)

Because of the lower speed of sound, Figure l(b)
cannot be used for checking the suction pipe
length for resonances. Instead, Eq. (6) should be
used to calculate the lowest natural frequency in
cycles per minute:
5255
(6)
n

5 m/s
c

CR

c

This is dangerous,
Pipe must be shortened

e

c /91 y
m

c /c
m R,zul

7 bar (absolute)

Discharge Pressure:

Thus, Eq. (2)

As far as the design of the suction pipe of the
first stage is concerned, some comments on the
selection of suction filters may be useful.
Frequently, such filters are attached directly to
the cylinder head. The filter has to be large
enough to prevent excessive pressure drop. Pressure
drop data found in the catalogs of filter suppliers
are usually based on uniform flow. If a single
filter handles the flow for many cylinders, the
flow will, indeed, be more or less uniform. If
the filter handles the flow of a single cylinder,
however, the flov will be pulsating. For such
applications, appropriate pressure drop information
should be obtained from the filter manufacturer.

Pipe must be shortened and area should
be doubled (to get a lower y, as
0.2 is too high)
y

=

DESIGN OF THE SUCTION PIPE
Frequently, the suction and discharge pipes of a
compressor stage are made of equal size. This is
acceptable provided that the discharge line diameter
is properly chosen so that yd is equal or smaller
than 0.1. The relative pulsation amplitude in the
suction pipe will then be somewhat larger than that
in the discharge pipe because the intake flmr to
the cylinder extends over a longer portion of the
stroke than the discharge flow and thus excites the
gas in the suction pipe more effectively. The
absolute pulsation amplitude in the suction pipe,
however, will be lower than the absolute pulsation
amplitude in the discharge pipe because the
absolute pressure on the suction side is lower than
on the discharge side.
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It should also be remembered that the speed of
sound in air at 30°C, which is typical for suction
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